Neuronal information in the mammalian brain is generally transmitted through spike-evoked packets of neurotransmitter in a digital mode of signalling. It has been recently shown, however, that subthreshold analogue activity in the presynaptic element might modulate this digital signalling, leading to the emergence of the concept of a hybrid analogue--digital (AD) facilitation of synaptic transmission. Initially described in invertebrates[@b1][@b2][@b3][@b4], this AD facilitation has been reported in many mammalian synapses including cortical[@b5][@b6][@b7], cerebellar[@b8][@b9] and hippocampal synapses[@b10][@b11][@b12][@b13]. This AD facilitation is induced by depolarization of the presynaptic neuron and is mediated by an elevation of glutamate release[@b6][@b9][@b14]. There are two independent mechanisms accounting for AD facilitation today[@b15]: (i) inactivation of D-type K^+^ channels[@b6][@b13][@b16][@b17] and (ii) elevation in basal Ca^2+^ concentration mediated by the opening of P/Q-type voltage-gated Ca^2+^ channels[@b8][@b9][@b14]. Both forms of AD facilitation are slow processes because the underlying biophysical mechanism (inactivation of the D-type current or accumulation of Ca^2+^ in the axon) requires presynaptic voltage shifts lasting several seconds. Thus, these forms of AD modulation are not well suited for the fast network dynamics.

Analogue modulation by resting membrane potential is not limited to voltage-gated K^+^ and Ca^2+^ channels. In fact, a large fraction of the axonal voltage-gated Na^+^ (Nav) current is inactivated at the resting membrane potential[@b18][@b19][@b20]. The physiological consequence of Nav channel inactivation on axonal spike amplitude and synaptic transmission has not been clearly defined.

We show here that fast physiological hyperpolarization before the presynaptic action potential (AP) facilitates synaptic transmission in hippocampal and neocortical synaptic circuits. This hyperpolarization-induced AD facilitation (h-ADF) is due to the recovery of Nav channels from inactivation, thus enhancing the spike amplitude in the axon. Axonal recordings from L5 pyramidal neurons indeed revealed that hyperpolarization of the cell body specifically increased the spike amplitude in the axon but not in the cell body. The presence of h-ADF in different areas of the brain indicates that this form of plasticity can be generalized to a wide range of cortical excitatory synapses. A major physiological interest of this form of AD facilitation is its fast kinetics. h-ADF produced by inhibitory postsynaptic potential (IPSP)-spike sequences not only facilitates synaptic strength across pyramidal cells but also enhances synchrony and gamma oscillations in a network model. Thus, interneurons paradoxically enhance excitatory transmission between pyramidal neurons and subsequently structure network dynamics.

Results
=======

Hyperpolarization-induced AD facilitation
-----------------------------------------

We first measured the incidence of brief hyperpolarization of the presynaptic cell on synaptic transmission. Pairs of monosynaptically connected CA3 neurons were recorded in organotypic cultures of the rat hippocampus after 8--10 days *in vitro* (DIV)[@b21]. A 200-ms hyperpolarizing pre-pulse delivered before the presynaptic spike was found to increase synaptic strength by ∼20% ([Fig. 1a](#f1){ref-type="fig"}). This increase was observed when measuring either amplitude or charge of the postsynaptic response ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). In these experiments, the presynaptic resting potential was −74±3 mV (*n*=10). The h-ADF was comparable when the presynaptic hyperpolarization amounted to −84 or −102 mV (respectively, 124±8% versus 119±5%, *n*=10; Wilcoxon test *P*\>0.1), suggesting that a presynaptic hyperpolarization of ∼10 mV is sufficient to obtain saturating h-ADF. h-ADF was associated with a reduced paired-pulse ratio (PPR, from 99±7 to 88±5%, *n*=12; Wilcoxon test *P*\<0.05; [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}), indicating that it results from a presynaptic increase in glutamate release.

A 200-ms-long hyperpolarization is unlikely to occur in a physiological context. Therefore, we investigated the time course of h-ADF for shorter hyperpolarizations (15, 50, 100 and 200 ms). h-ADF was observed for all the durations of hyperpolarization tested (15 ms: 111±3%, 50 ms: 116±4%, 100 ms: 109±4%, 200 ms: 120±6% Wilcoxon, *P*\<0.05 for all durations, *n*=7, [Fig. 1b](#f1){ref-type="fig"}). According to this result, h-ADF is likely to be induced by physiological hyperpolarization.

CA3 pyramidal neurons express depolarization-induced AD facilitation (d-ADF) that results from the slow inactivation of Kv1.1 channels (time constant: 3.3 s)[@b13]. We thus examined whether both d- and h-ADF were expressed at the same CA3--CA3 connections. Presynaptic APs were triggered alternatively from resting membrane potential (−78 mV control), after a long subthreshold depolarization (10 s, −62.6 mV, d-ADF), after a brief hyperpolarization (200 ms, −96.1 mV, h-ADF) or after the combination of a long depolarization and a brief hyperpolarization (d- and h-ADF; [Fig. 1c](#f1){ref-type="fig"}, left). In fact, the combination of the two forms of ADF produced, in the same connections, a greater facilitation (113±3%, *n*=16; [Fig. 1c](#f1){ref-type="fig"}) than that produced separately by each protocol (d-ADF alone: 105±3%, *n*=16, h-ADF alone: 108±4%, *n*=11; [Fig. 1c](#f1){ref-type="fig"}). Notably, averaged h- and d-ADF were found to summate linearly, suggesting two independent molecular mechanisms. Moreover, d- and h-ADF measured in the same pairs were positively correlated ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}), suggesting that some synaptic connections are more susceptible to AD facilitation, probably because analogue signal propagation along the axon depends on the distance between the soma and the presynaptic terminals. These data demonstrate that h- and d-ADF coexist in CA3 pyramidal neurons and that the underlying mechanisms are likely to be independent.

h-ADF was observed in young CA3 neurons (DIV8--10 prepared from P5--P7 rats), and thus it could mainly result from the low density or immature properties of voltage-gated ion channels. We therefore determined whether h-ADF was also found in mature CA3 pyramidal cells. Paired recordings of connected CA3 neurons were obtained in DIV24--DIV32 slice cultures. Brief presynaptic hyperpolarization (200 ms) significantly increased synaptic strength (104.2±1.1% *n*=25; Wilcoxon, *P*\<0.01; [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). h-ADF measured in mature cells was smaller from that measured in developing neurons (Mann--Whitney, *P*\<0.01; [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). We therefore conclude that h-ADF is developmentally regulated in CA3 neurons *in vitro*.

All recordings were obtained with high extracellular calcium (3 mM) to optimize synaptic strength. Under these conditions, presynaptic release probability is high and presynaptic facilitation such as h-ADF could be underestimated. We therefore measured h-ADF in mature CA3 neurons (DIV24--DIV32) recorded with physiological extracellular calcium (1.3 mM)[@b22]. Under these conditions, h-ADF was found to be around +16.4% (Wilcoxon, *P*\<0.01; [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). We conclude that h-ADF is robustly expressed in mature neurons recorded in physiological extracellular calcium.

h-ADF is induced by simulated IPSPs and oscillations
----------------------------------------------------

To investigate the role of h-ADF under near-physiological conditions, a GABA~A~-like conductance was introduced in the presynaptic neuron using dynamic clamp ([Fig. 2a](#f2){ref-type="fig"}, left). In agreement with results illustrated in [Fig. 1](#f1){ref-type="fig"}, APs preceded by the injection of an IPSC-like current produced a larger response in the postsynaptic neuron compared with APs triggered from resting membrane potential (Wilcoxon *P*\<0.001, *n*=11). Consistent with a presynaptic elevation in glutamate release, the PPR was reduced when simulated GABAergic IPSPs preceded APs (from 121% in control to 96%; Wilcoxon *P*\<0.05, *n*=7; data not shown). Interestingly, the size of the synaptic potentiation was found to be dependent on the size of the simulated IPSP (*R*^2^=0.39, *P*\<0.05), indicating that h-ADF is graded between resting membrane potential (−74 mV) and 10-mV hyperpolarization (−84 mV; [Fig. 2a](#f2){ref-type="fig"}, right). In fact, the facilitation factor in this range was found to be 1.8% per mV of hyperpolarization.

We next investigated the modulation of synaptic strength during presynaptic membrane potential oscillation. Oscillation of the presynaptic membrane potential at 4 Hz was produced by injecting sinusoidal current, and single presynaptic spikes were evoked at different phases of the oscillation. In agreement with the previous results, h-ADF was observed when the cell fired during hyperpolarizing phases of the oscillation (0 ms: 124.3±7%, 250 ms: 122±7%, Wilcoxon *P*\<0.05, *n*=8; [Fig. 2b](#f2){ref-type="fig"}). At other phases, the synaptic strength is unchanged (56 ms: 112.2±6%, 163 ms: 95.8±5%, 211 ms: 110.5±6%, Wilcoxon *P*\>0.1, *n*=8). In particular, no d-ADF is observed with the depolarization because its duration is too short to inactivate Kv1.1 channels[@b13]. We conclude that oscillations in the *θ* range induce h-ADF in CA3 neurons.

h-ADF is associated with an increase in axonal spike amplitude
--------------------------------------------------------------

Next, we investigated the mechanisms underlying h-ADF. A possible mechanism for h-ADF is a modulation of the presynaptic spike amplitude induced by the hyperpolarization. We therefore examined the consequence of hyperpolarization on the spike amplitude measured in the axon. CA3 neurons were filled with Alexa 488 (50 μM) to visualize the axon arborization, and cell-attached recordings were obtained from the axon at distances ranging between 60 and 240 μm ([Fig. 3a](#f3){ref-type="fig"}). On somatic hyperpolarization, the amplitude of the axonal spike was enhanced (106±1% of the control amplitude, *n*=6, Wilcoxon, *P*\<0.05; [Fig. 3b](#f3){ref-type="fig"}). However, the magnitude of axonal spike facilitation was found to decrease with the axonal distance with a space constant of 212 μm ([Fig. 3b](#f3){ref-type="fig"}). In conclusion, h-ADF in CA3 neurons is associated with a local increase in spike amplitude in the axon.

While whole-cell recording from CA3 axons is extremely difficult in organotypic cultures, it can be obtained in L5 pyramidal neurons from acute slices[@b5][@b6]. Therefore, we first measured whether h-ADF could be also observed at L5--L5 excitatory connections. Pairs of monosynaptically connected L5 pyramidal neurons were recorded in acute slices from the sensori-motor cortex of young rats (P14--P20). Brief hyperpolarization in the soma (200 ms, 10--15 mV) of the presynaptic neuron was found to enhance synaptic strength (109.6±2.3%, *n*=13, Wilcoxon test, *P*\<0.05; [Fig. 4a](#f4){ref-type="fig"}).

To confirm that h-ADF in L5 pyramidal neurons was associated with axonal spike amplitude increase, simultaneous whole-cell recordings from the soma and cut-end axons (blebs) were obtained (50--80 μm from the soma) in L5 pyramidal neurons. Transient hyperpolarization of the soma (approximately −13 mV) enhanced the amplitude of the spike overshoot in the axon but not in the soma (+5.5±1.5 versus −0.3±1.1 mV, *n*=5, Mann--Whitney, *P*\<0.05; [Fig. 4b](#f4){ref-type="fig"}). The speed of depolarization was also augmented (from 251±59 to 289±56 mV ms^−1^, *n*=5) and the spike threshold was hyperpolarized (from −35.7±5.2 to −38.8±4.3 mV, *n*=5). We conclude that h-ADF in both CA3 and L5 pyramidal cells is associated with the increase in the spike amplitude measured in the axon.

h-ADF is associated with enhanced axonal calcium signals
--------------------------------------------------------

We next used Ca^2+^ imaging to determine the consequence of hyperpolarization-induced enhancement of spike amplitude in the axon. CA3 pyramidal neurons were filled with 50μM Alexa-594; 250 μM Fluo-4 and spike-evoked calcium signals were measured in putative *en passant* boutons at distances ranging between 150 and 250 μm from the soma ([Fig. 5a](#f5){ref-type="fig"}). The integral of the spike-evoked Ca^2+^ transient was increased when the presynaptic spike was evoked following a transient hyperpolarization of ∼20 mV (126±10%, *n*=5; [Fig. 5b](#f5){ref-type="fig"}). We conclude that, during h-ADF, presynaptic hyperpolarization enhances both presynaptic spike amplitude and spike-induced Ca^2+^ influx, which subsequently enhances glutamate release.

Nav channel inactivation in the axon determines h-ADF
-----------------------------------------------------

The increased amplitude of the axonal spike during hyperpolarization could be due to the recovery of Nav channels from inactivation. To confirm the role of sodium channel inactivation in h-ADF, we used a NEURON model of two monosynaptically connected CA3 neurons. We then determined the incidence of modifying inactivation of sodium channels in the axon on h-ADF. When the half-inactivation of axonal sodium channels was set to −80 mV (refs [@b18], [@b19]), somatic hyperpolarization enhanced the spike amplitude, the charge of spike-evoked calcium current and synaptic transmission ([Fig. 6a](#f6){ref-type="fig"}, left). This is due to the recovery of Nav channels from inactivation by hyperpolarization ([Fig. 6b](#f6){ref-type="fig"}, left). However, no change occurred if the half-inactivation of the axonal sodium channels was set to −70 mV ([Fig. 6a](#f6){ref-type="fig"}, right). In this latter case, the proportion of available Nav channels is already very high at resting membrane potential, producing an AP of full amplitude ([Fig. 6a,b](#f6){ref-type="fig"}, right). Therefore, the recovery from inactivation does not further affect the presynaptic spike amplitude. Thus, h-ADF in the model is due to the recovery of Nav channels from inactivation and is increased by hyperpolarizing Nav half-inactivation ([Fig. 6c](#f6){ref-type="fig"}).

To test experimentally this last assumption, we measured h-ADF in the presence of carbamazepine (CBZ, 100 μM), an antiepileptic drug that hyperpolarizes Nav half-inactivation by 6 mV (ref. [@b23]). CBZ reduced spike amplitude (90±2% of control, *n*=10; [Supplementary Fig. 3](#S1){ref-type="supplementary-material"}) and synaptic transmission (50±6% of control, *n*=10; [Supplementary Fig. 3](#S1){ref-type="supplementary-material"}). As expected, hyperpolarizing Nav inactivation by CBZ increased h-ADF in mature CA3 neurons expressing no h-ADF (from 102.3% in control to 110.3% in the presence of CBZ, *n*=10, Wilcoxon *P*\<0.05; [Fig. 6d,e](#f6){ref-type="fig"}).

Moreover, we used our NEURON model to simulate axonal Nav-channel availability during a theta oscillation similar to the one used in [Fig. 2b](#f2){ref-type="fig"}. Nav channels were found to inactivate during depolarization and recover during hyperpolarization, explaining the EPSC modulation during the oscillation ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}). However, inactivation is quicker than recovery during the oscillation because of the slower Nav kinetics at depolarized potentials ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}). This explains why the EPSCs produced at 163 ms did not present any h-ADF, although the spike is emitted from a slightly hyperpolarized potential ([Fig. 2b](#f2){ref-type="fig"}). In fact, at this point of the oscillation Nav channels did not have enough time to recover from inactivation ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}).

Altogether, those results support the fact that h-ADF is due to the recovery of Nav channels from inactivation.

Nav channel density determines the strength of h-ADF
----------------------------------------------------

h-ADF depends on the availability of sodium channels in the axon. Thus, reducing the density of Nav channels should affect h-ADF. In fact, our model showed that reducing Nav channel density to 70% of the control condition enhanced h-ADF from 130 to 180% ([Fig. 7a](#f7){ref-type="fig"}). The critical parameter here was the gain of presynaptic spike overshoot that depends on activatable Na conductance ([Fig. 7b](#f7){ref-type="fig"}). Under control condition, this value was already high, and hyperpolarizing the presynaptic element from −78 to −93 mV enhanced the amplitude of the spike by 28%. When the density of Nav was reduced, the same hyperpolarization enhanced the amplitude of the presynaptic AP by 42%.

We next verified experimentally that reducing Nav channel density increased h-ADF in CA3 neurons. We therefore partially blocked Nav channels with a low concentration of tetrodotoxin (TTX) applied in the bath (15--25 nM). At this concentration TTX blocks ∼80% of the Na^+^ current but preserves induction of fast Na^+^ spikes[@b24][@b25]. In the presence of TTX, the spike amplitude in the soma was reduced by 45±4% (*n*=9) and synaptic transmission at CA3--CA3 connections was reduced by 55±8% (*n*=9; [Supplementary Fig. 5](#S1){ref-type="supplementary-material"}). Most importantly, reducing the proportion of activatable Nav channels with 15--25 nM TTX was found to greatly enhance h-ADF in mature neurons expressing no h-ADF (from 103±3% in control to 121±4% in the presence of TTX, *n*=6, Wilcoxon *P*\<0.05; [Fig. 7c,d](#f7){ref-type="fig"}). These data therefore confirm that h-ADF in CA3 neurons depends on the availability of Nav channels.

T-type Ca^2+^ channels are present in the axon. They could be activated during the hyperpolarization--depolarization sequence used to induce h-ADF and thus may account for h-ADF. However, h-ADF was found to remain stable in the presence of 100 nM mibefradil, a T-type channel blocker (from 112.2±1.1% in control to 116.2±11.9% with mibefradil, *n*=3; data not shown), suggesting that T-type Ca^2+^ channels do not participate in h-ADF.

h-ADF promotes network synchrony
--------------------------------

We next tested the implication of h-ADF in network synchrony using a hippocampal network model formed by 80 pyramidal-like excitatory cells (e-cells) and 20 interneuron-like inhibitory cells (i-cells) interconnected ([Fig. 8a](#f8){ref-type="fig"}; see Methods). e- and i-cells were fed by stochastic input. The network of e-cells became synchronized, and oscillations in the gamma range appeared as synaptic strength between e-cells increased ([Supplementary Fig. 6](#S1){ref-type="supplementary-material"}). These oscillations were driven by i-cells: activation of e-cells was found to promote the activation of i-cells, which in turn silenced the whole network ([Supplementary Fig. 6](#S1){ref-type="supplementary-material"}). Since h-ADF increases interpyramidal synaptic strength when the presynaptic spike is preceded by an IPSP, h-ADF is a good candidate to promote these i-cell-driven oscillations.

The h-ADF rule was incorporated in the network by increasing synaptic strength between e-cells according to the membrane potential measured 17 ms before the spike. In fact, synaptic strength was increased by 20% if the presynaptic potential was below −84 mV ([Fig. 8b](#f8){ref-type="fig"}). This rule was directly derived from values measured experimentally (see [Figs 1a](#f1){ref-type="fig"} and [2a](#f2){ref-type="fig"}). For an e-cell-synaptic strength of 2.8 mS, adding h-ADF in the network markedly enhanced both the firing frequency and synchrony across e-cells ([Fig. 8c--e](#f8){ref-type="fig"}). In fact, the propensity to oscillate in the gamma range was greatly facilitated if h-ADF between e-cells was effective ([Fig. 8e](#f8){ref-type="fig"}). Interestingly, in a network with shunting inhibition (*E*~Cl~=−73 mV instead of −80 mV in control condition), h-ADF rule did not improve synchrony and did not promote gamma oscillations ([Supplementary Fig. 6](#S1){ref-type="supplementary-material"}). However, as h-ADF increases the synaptic strength between e-cells, its synchronizing effect could be simply due to the increase in the spike rate of the network. To increase the spike rate without affecting synaptic strength, we decided to fix the inter-e-cell strength at 2.5 mS and increase the external drive frequency of e-cells from 6 to 20 Hz. We plotted the coefficient of synchronization versus the spike rate of the network. Even if synchrony showed to be linearly correlated to spike rate, h-ADF increased the coefficient of synchronization for any given spike rate in the 4--14-Hz range ([Supplementary Fig. 6](#S1){ref-type="supplementary-material"}). This showed that for low spike rate, h-ADF increases synchrony independently of the mean network activity. In conclusion, in our model, h-ADF increases network synchronization and promotes oscillations by linking interpyramidal synaptic strength with activity of interneurons.

Discussion
==========

We report here a physiologically relevant mode of AD regulation of synaptic transmission at CA3--CA3 and L5--L5 connections. Synaptic transmission was found to be enhanced by ∼20% owing to brief physiological hyperpolarization (15--200 ms) preceding the presynaptic AP. h-ADF is associated with a gain in AP amplitude measured in the axon, and is modulated by pharmacological agents targeting Nav channels. Thus, h-ADF can be considered as a novel form of activity-dependent synaptic plasticity that depends on Nav channels. Although h-ADF was found to be developmentally downregulated, mature CA3 neurons still expressed robust h-ADF (16%) in physiological calcium (1.3 mM). h-ADF is mediated by an increase in presynaptic glutamate release. It can be induced by IPSP-like synaptic conductance or theta-like oscillations. Integrated in a network model, h-ADF promotes network synchrony and favours the emergence of gamma oscillations.

h-ADF is an unanticipated mode of AD facilitation of excitatory synaptic transmission, induced by a brief hyperpolarization of the presynaptic cell. While analogue modulation of spike-evoked synaptic transmission had been reported to occur in many neuronal types following presynaptic depolarization[@b1][@b5][@b6][@b8][@b10][@b12][@b13], it was not entirely clear whether presynaptic hyperpolarization robustly induced synaptic facilitation[@b26][@b27][@b28]. In these latter studies the underlying mechanisms were not identified. We characterize here for the first time the induction of h-ADF in CA3 and L5 pyramidal neurons. This facilitation was found to fully develop with moderate hyperpolarization. In fact, a 10-mV hyperpolarization from resting membrane potential was found to be sufficient to enhance synaptic transmission by ∼20% at CA3--CA3 synapses, indicating that the facilitation factor was ∼2% per mV of hyperpolarization. Interestingly, facilitation was not further enhanced by a larger hyperpolarization, suggesting that the presynaptic Na^+^ spike reaches its maximal amplitude with a small fraction of available Nav channels[@b24]. In addition, simulated IPSPs preceding the spike by 50 ms enhanced synaptic transmission in a graded manner.

We show that h-ADF and d-ADF are coexpressed at CA3--CA3 pyramidal cell synapses. A combination of stimuli that separately induced d-ADF and h-ADF produced facilitation that was significantly greater, indicating that the two processes are mechanistically distinct. In fact, d-ADF depends on Kv1.1 and h-ADF depends on Nav channels. In contrast to d-ADF that requires several seconds to be fully expressed[@b5][@b6][@b13], h-ADF can be induced by fast (∼15 ms) hyperpolarization of the presynaptic neuron. Thus, h-ADF is better suited than d-ADF for fast dynamics of network activity.

h-ADF is observed at both hippocampal CA3 cells and L5 pyramidal neurons, indicating that it might be a general process in local synaptic circuits. h-ADF seems to be developmentally regulated in hippocampal CA3 cells and declines from young CA3 neurons to mature neurons. The developmental modulation may result from the increase in the density of voltage-gated sodium channels in the axon[@b29][@b30][@b31][@b32]. However, under physiological conditions (1.3 mM external Ca^2+^), h-ADF measured at mature CA3--CA3 synapses is robust and amounts to 16%.

Two mechanisms of analogue modulation of spike-evoked synaptic transmission have been identified so far. Release can be elevated by voltage inactivation of Kv1 channels, making the presynaptic spike broader[@b5][@b6][@b13] or by voltage activation of P/Q-type Ca^2+^ channels that elevate basal calcium[@b8][@b9]. While the underlying mechanisms are different, these forms of ADF share common characteristics: they are depolarization-driven and need a long depolarization (hundreds of milliseconds to few seconds) to be fully expressed. Here we show that ADF can also be induced by presynaptic *hyperpolarization*. This hyperpolarization propagates passively along the axon to allow the recovery of Nav channel from inactivation. In turn, it increases AP amplitude, thus enhancing Ca^2+^ entry in the presynaptic bouton and subsequently elevating glutamate release. All these steps have been dissected here with the use of electrophysiological, pharmacological, imaging and computational approaches.

The major consequence of presynaptic hyperpolarization is the enhancement of spike amplitude in the axon. This enhancement was reported in both CA3 and L5 neurons using cell-attached or whole-cell recordings, respectively. It is supposed to result from the fast recovery of Nav channels from inactivation. Although Na^+^ channel inactivation has not been directly measured in our study, we assume that, at resting membrane potential, a very large proportion of Na^+^ channels are inactivated in the axon of CA3 pyramidal cells, as in neocortical pyramidal neurons and hippocampal granule cells[@b18][@b19][@b33]. As predicted by cable theory, the modulation in extracellular spike amplitude was found to decline with the axonal distance. The space constant here has been estimated to be ∼212 μm. Compared with d-ADF, this space constant is slightly shorter probably because of the frequency dependence of the space constant along axons[@b5][@b34]. However, h-ADF could affect more distal synapses in CA1 or L5 pyramidal neurons that express long axonal space constant (700--1,000 μm)[@b34][@b35].

The involvement of Nav channels was shown by modulating their availability. The model predicted that decreasing the density of Nav channels would increase the hyperpolarization-induced modulation of the presynaptic AP amplitude and it would subsequently increase h-ADF. Experimentally, low concentrations of TTX (15--25 nM) increased h-ADF by a factor 5 ([Fig. 7](#f7){ref-type="fig"}). In addition, our model showed that hyperpolarizing the half-inactivation of Nav channel in the axon enhanced the hyperpolarization-induced modulation of the spike amplitude and subsequently increased h-ADF. Further supporting the contribution of Nav channel in h-ADF, we show that hyperpolarizing the inactivation properties of sodium channels with CBZ also increased h-ADF.

The Nav channel-dependent enhancement of spike amplitude induced by hyperpolarization caused an elevation in presynaptic calcium. In fact, a brief hyperpolarization before the AP increased the evoked calcium signal measured in putative presynaptic boutons. A hyperpolarization indeed increased AP amplitude, leading to a larger calcium influx in the bouton and thus a bigger postsynaptic response. These results were reproduced in our model and are consistent with previous studies[@b36][@b37].

Presynaptic transient hyperpolarization has a major consequence on fast activating or inactivating currents. Except the recovery of Nav channels from inactivation, the biophysical state of Cav channels might, in principle, be also altered. h-ADF is not suppressed by mibefradil, a selective blocker of T-type Ca^2+^ channels. In addition, h-ADF does not result from the increase in driving force for Ca^2+^ because the hyperpolarization occurs before and not during the presynaptic AP.

A major functional consequence of h-ADF reported in our study is the optimization of synaptic excitation in local circuits by IPSPs preceding presynaptic APs. Thus, our results strongly suggest that synaptic transmission between pyramidal cells that fire in rebound on activation of basket cells could be facilitated[@b38], subsequently enhancing the coherence of network oscillations. The importance of h-ADF in brain function is supported by several lines of evidence. First, biologically realistic hyperpolarization such as GABA~A~-like IPSPs simulated using the dynamic-clamp induced robust h-ADF. In this case, the hyperpolarization was small (2--10 mV) and the delay between the IPSP and the spike was in the physiological range (50 ms). Similarly, presynaptic oscillation of the membrane potential was found to induce h-ADF when the spike was triggered during the hyperpolarized part of the oscillation. In this case, h-ADF can be seen as a normalizing effect: during the depolarizing phase of the oscillation, the probability to trigger a spike is high and the postsynaptic response is low, whereas during the hyperpolarizing phase of the oscillation the spike probability is low and the response is high. We performed our experiments for a 4-Hz oscillation; however, given the quick kinetics of h-ADF (a 15-ms hyperpolarization is enough to fully induce it), it should be observed for higher theta rhythms (8--12 Hz).

A particular important result of our study is the effect of h-ADF on a model of network activity. In fact, h-ADF improved network synchrony and promoted gamma oscillation in a simple interneuron-like-driven network model. Incorporated at synapses established between pyramidal-like cells, h-ADF increased the global synchrony of the network and promoted the emergence of gamma oscillation. It is important to notice that h-ADF also acts as a mechanism optimizing biological energy. A given synchrony is obtained with less excitatory synaptic strength. The specificity of the effect was demonstrated by making inhibitory synapses shunting instead of hyperpolarizing. In this case, the presence of h-ADF had no effect. These results strongly suggest that Nav channel modulation of synaptic efficacy is probably a major mechanism for modulating information processing in local neural circuits.

Methods
=======

Organotypic cultures of the rat hippocampus
-------------------------------------------

Organotypic cultures of the rat hippocampus were prepared[@b21], according to the European and Institutional guidelines (Council Directive 86/609/EEC and French National Research Council and approved by the local health authority (\# D 13 055 08, Préfecture des Bouches-du-Rhône, Marseille)). Postnatal day 5--7 Wistar rats of both sexes were anaesthetized with chloral hydrate injection, the brain was rapidly extracted from the skull and each hippocampus was isolated. Hippocampal slices (350 μm) were maintained for up to 30--35 days in an incubator at 34 °C, 95% O~2~--5% CO~2~. The culture medium contained (in ml) 25 MEM, 12.5 HBSS, 12.5 horse serum, 0.5 penicillin (10,000 U ml^−1^), 0.5 streptomycin (10,000 μg ml^−1^), 0.8 glucose (1 M), 0.1 ascorbic acid (1 mg ml^−1^), 0.4 HEPES (1 M), 0.5 B27 and 8.95 sterile H~2~O. To avoid glial proliferation, 5 μM Ara-C was added to the medium starting at 3 DIV. Pyramidal cells from CA3 area were recorded at the age of 8--12 DIV or 24--32 DIV when mentioned.

Acute slices of the rat neocortex
---------------------------------

Neocortical slices (350--400 μm) were obtained from 14- to 20-day-old Wistar rats of both sexes. Rats were deeply anaesthetized with chloral hydrate (intraperitoneal, 200 mg kg^−1^) and killed by decapitation. Slices were cut in an ice-cold solution containing (mM): 280 sucrose, 26 NaHCO~3~, 10 D-glucose, 10 MgCl~2~, 1.3 KCl and 1 CaCl~2~, and were bubbled with 95% O~2~--5% CO~2~, pH 7.4. Slices were recovered (1 h) in a solution containing (mM): 125 NaCl, 26 NaHCO~3~, 2 CaCl~2~, 2.5 KCl, 2 MgCl~2~, 0.8 NaH~2~PO~4~ and 10 D-glucose, and were equilibrated with 95% O~2~--5% CO~2~. Each slice was transferred to a submerged chamber mounted on an upright microscope (Olympus BX51WI or Zeiss LSM-710), and neurons were visualized using differential interference contrast infrared videomicroscopy.

Paired recordings and analysis
------------------------------

Dual recordings from pairs of neurons were obtained as previously described[@b21][@b39]. The external saline contained (in mM): 125 NaCl, 26 NaHCO~3~, 3 CaCl~2~ (1.3 for physiological calcium solution), 2.5 KCl, 2 MgCl~2~ (1 for physiological calcium solution), 0.8 NaH~2~PO~4~ and 10 D-glucose, and was equilibrated with 95% O~2~--5% CO~2~. Patch pipettes (5--10 MΩ) were pulled from borosilicate glass and filled with an intracellular solution containing (mM): 120 K gluconate, 20 KCl, 10 HEPES, 0.5 EGTA, 2 MgCl~2~, 2 Na~2~ATP and 0.3 NaGTP (pH 7.4). Recordings were performed at 30 °C in a temperature-controlled recording chamber (Luigs & Neumann, Ratingen, Germany). Usually, the presynaptic neuron was recorded in current clamp and the postsynaptic cell in voltage clamp. Both pre- and postsynaptic cells were held at their resting membrane potential (approximately −77 mV). Presynaptic APs were generated by injecting brief (5 ms) depolarizing pulses of current at a frequency of 0.1 Hz. PPR was assessed with two presynaptic stimulations (50-ms interval). Voltage and current signals were low-pass-filtered (3 kHz), and sequences (200--500 ms) were acquired at 10--20 kHz with pClamp (Axon Instruments, Molecular Devices) version 10. Electrophysiological signals were analysed with ClampFit (Axon Instruments) and custom-made softwares written in LabView (National Instruments). Postsynaptic responses could be averaged following alignment of the presynaptic APs using automatic peak detection. The presence or absence of a synaptic connection was determined on the basis of averages of 30--50 individual traces. TTX (Latoxan, 15--25 nM) was bath-applied. The membrane potential was corrected for the liquid junction potential (−13 mV). Pooled data are represented as mean±s.e. in all the figures, and we used the Mann--Whitney *U*-test or Wilcoxon rank-signed test for statistical comparison.

Calcium imaging
---------------

CA3 pyramidal neurons were imaged using a LSM710 Zeiss confocal system. For imaging calcium in CA3 neurons, 50 μM Alexa-594 and 250 μM Fluo-4 (Invitrogen) were added to the pipette solution. Alexa-594 fluorescence was used to reveal neuronal morphology, whereas fluorescence signals emitted by Fluo-4 were used for calcium imaging.

Laser sources for fluorescence excitation were set at 488 nm for Fluo-4 and 543 nm for Alexa-594. Emitted fluorescence was collected between 500 and 580 nm for Fluo-4, and between 620 and 750 nm for Alexa-594. After whole-cell access, the dyes diffused at least 15--20 min before measuring fluorescence. APs were induced by short (5--10 ms) pulses of depolarizing current pulses (900--1,400 pA) in the current clamp mode and were synchronized with calcium imaging in the line-scan mode. Depending on experiments, line-scan speed was set to 0.5--2 kHz.

Acquired Fluo-4 fluorescence signals were converted to Δ*F*/*F* values. Peak amplitude and decay time of Ca^2+^ signals were calculated with a custom-made analysis programme written in LabView (National Instruments).

The axon was identified visually as a long, thin, aspiny process with constant diameter, emerging from the soma or from a primary dendrite near the cell body. The axon was followed until the first bulges of the membrane, revealing presynaptic boutons, were encountered.

Axonal recordings
-----------------

Two modes of axonal recordings were used in this study. First, simultaneous recordings from the soma in whole-cell configuration and the axon in cell-attached configuration were obtained from CA3 pyramidal neurons as previously described[@b25]. The axon was recorded for 10--15 min after whole-cell access of the somatic compartment and the full labelling of the axon by Alexa 488 and visualized with the LSM-710 confocal microscope. To obtain cell-attached recording, a brief suction was applied to the pipette. Under these conditions, the spike measured in the axon had a positive polarity (amplitude 0.3--1.2 mV).

The second type of axonal recording was obtained in the whole-cell configuration. Simultaneous recordings from the soma and axonal cut ends (blebs, at 50--80 μm from the cell body) were obtained in L5 pyramidal neurons. In that case, identification of the axonal bleb was made visually at the surface of the acute slice.

Dynamic clamp
-------------

Synaptic-ADF experiments ([Fig. 2a](#f2){ref-type="fig"}) were performed using a dynamic-clamp system (SM-1; Cambridge Conductance, Cambridge, UK) and a computer-generated conductance profile delivered via AD interface (Digidata 1440A; Molecular Devices). The conductance profile was based on recordings of GABAergic currents obtained from CA3 neurons in voltage clamp while stimulating extracellularly the pyramidal layer in the presence of 2 mM kynurenate (Sigma). The conductance waveform follows a double exponential profile:

*y*=−(1−exp(−(*t*/*t*~r~))) × exp(−(*t*/*t*~d~)), where *t*~r~=4.2 ms and *t*~d~=14.5 ms (determined experimentally). The reversal potential for the GABAergic-like current was set at −86 mV for this specific experiment.

Modelling
---------

A multicompartment model of a CA3 pyramidal neuron was simulated with NEURON 7.2. The diameter and length of each compartment are provided in [Supplementary Table 1](#S1){ref-type="supplementary-material"}. The passive electrical properties *C*~m~ and *R*~i~ were set to 1 μF cm^−2^ and 100 Ω cm, respectively, uniformly throughout all compartments[@b40]. All simulations were run with 10-μs time steps and the nominal temperature of simulations was 28 °C. The voltage dependence of activation and inactivation of a Hodgkin--Huxley-based conductance models (*g*~NaSoma~, *g*~NaAxon~, *g*~KDR~, *g*~Kv1~ and *g*~Ca~) are given as follows:

where *m*~Soma~, *m*~Axon~, *n*, *p* and *r* are dynamic activation variables and *h*~Soma~, *h*~Axon~ and *k* are dynamic inactivation variables. They evolve according to the following differential equations (adapted from ref. [@b19] for Nav~Soma~ and Nav~Axon~; ref. [@b41] for K~DR~; ref. [@b42] for *K*~v~1 and ref. [@b36] for CaP/Q):

where *V* is the membrane potential of the simulated neuron. The equilibrium potentials for Na^+^, K^+^, Ca^2+^ and passive channels were set to +93, −105, +130 and −50 mV, respectively. The conductance density is provided in [Supplementary Table 1](#S1){ref-type="supplementary-material"}.

The resting membrane potential was set to −78 mV in control condition and to −93 mV for the hyperpolarized state. These variations in somatic resting potential propagated along the axon with a space constant of 200 μm.

Model of neuronal network
-------------------------

We developed a model of neuronal network inspired by the model described in ref. [@b43] (<https://senselab.med.yale.edu>; Model DB accession no. 138421). Here the conductance values in pyramidal neurons were replaced by our Na~Soma~ and *K*~DR~ conductance values (see above). The reversal potential for GABA~A~ was set to −80 mV (ref. [@b44]). This value is a hyperpolarized estimate of EGABA~A~ but is still in the physiological range.

The connections between pyramidal neurons (e-cells, e) and interneurons (i-cells, i) are described by two parameters, respectively, the probability of connection between the different cells, *p*, and the strength of connection, *g_hat*. In our model, these parameters were set as *p*\_ee=1, p_ei=1, p_ie=0.5, p_ii=1; *g_hat*\_ee varying from 2 to 3.6 mS, *g_hat*\_ei=1 mS, g_hat_ie=1.8 mS and *g_hat*\_ii=0.5 mS.

The network was driven by one stochastic input on e-cells and one on i-cells. Stochastic inputs are characterized by their frequency *f_stoch*, their strength *g_stoch* and their decay time *tau_d\_stoch*. We used *f_stoch*\_e=10 Hz, *g_stoch*\_e=0.5 mS, *tau_d\_stoc*h_e=3 ms and *f_stoch*\_i=5 Hz, *g_stoch*\_i=0.1 mS, *tau_d\_stoch*\_i=3 ms for stochastic inputs on e- and i-cells, respectively.

Simulations ran for 1-s duration, with a time interval of 0.02 ms. To set the h-ADF rule, we saved the voltage of each cell in an independent matrix and multiplied it by the equation: *Y*=0.9865+0.2489/(1+exp(−(V17+78.31)/−2.45)). *Y* being the h-ADF multiplier depending on V17, the voltage of the cell was 17 ms before the spike. The excitatory synaptic input between e-cells was then multiplied by this factor.

We ran 20 simulations for every value of *g_hat*\_ee from 2 to 3.6 mS, and then calculated the coefficient of synchronization for every rastergram obtained. The coefficient of synchronization *k*(*τ*) was calculated as described in ref. [@b45] as an average value of coefficients *k*~i,j~ (*τ*) for each pair of e-cells (i, j) in the network. The time window was divided into bins of *τ*=1/*f*~network~, with *f*~network~ as the average frequency of the network, and APs were represented in a binary format (spike/no-spike pattern).

The network simulation was run on Matlab 2011 (MathWorks), and analysis of the coefficient of synchronization was performed with the custom software written in Labview 2010 (National Instruments).
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![Synaptic facilitation induced by transient hyperpolarization (h-ADF) in CA3 neurons.\
(**a**) Facilitation of synaptic transmission at CA3--CA3 connections by a hyperpolarizing pre-pulse (200 ms duration). Left, schematic of the recording configuration. Middle, example of facilitation produced by the presynaptic hyperpolarizing pulse (10 traces were averaged). Right, summary of facilitation induced by presynaptic hyperpolarization of increasing amplitude. Note that no further facilitation was induced when the magnitude of the hyperpolarizing pre-pulse was increased. (**b**) h-ADF can be induced by brief presynaptic hyperpolarization. Left, examples of recording from a pair of connected CA3 pyramidal neurons with no hyperpolarization and 15, 50, 100 and 200 ms of hyperpolarization to −93 mV before the spike. Right, summary of facilitation induced by 15, 50, 100 and 200 ms (all Wilcoxon test, *P*\<0.05, *n*=7). (**c**) d- and h-ADF are coexpressed at CA3--CA3 connections. Left, representative example. Top traces, membrane potential of the presynaptic neuron in control (black), during d-ADF (red), during h-ADF (blue) and when d- and h-ADF are combined (dark red). Bottom traces, postsynaptic responses in each case averaged over 10 trials. Right, group data (Mann--Whitney test, *n*=16, for d-ADF, 11 for h-ADF and 16 for d- and h-ADF). Note the stepwise increase in transmission when d- and h-ADF are combined.](ncomms10163-f1){#f1}

![Physiological induction of h-ADF.\
(**a**) Presynaptic IPSPs induce h-ADF. Left, schematic representation of the system used to inject a dynamic current mimicking a GABAergic input in the presynaptic neuron. Middle, examples of electrophysiological recordings from a connected pair of CA3 neurons in control conditions (black traces) and when a simulated GABAergic input is injected into the presynaptic cell (blue traces). Right, scatter plot showing the normalized EPSP/C as a function of the peak value of the simulated presynaptic IPSP. A clear linear correlation was observed (*y*=−1.8*x*+101.8, Pearson\'s *R*^2^=0.39, *P*\<0.05, *n*=11). (**b**) h-ADF induced during subthreshold *θ* oscillation in CA3 neurons. Left, representative example. Presynaptic spikes are triggered at different phases during a subthreshold oscillation of the membrane potential at 4 Hz. Note that facilitation is observed when the spike is triggered during the hyperpolarized phases of the oscillation. Right, quantitative data (*n*=8). Stars: significant changes (Wilcoxon, *P*\<0.05).](ncomms10163-f2){#f2}

![h-ADF enhances spike amplitude in the axon.\
(**a**) Left, confocal image of a CA3 neuron filled with Alexa 488. The axon collateral (white arrow) is identified on the left and recorded in a cell-attached configuration. Right, simultaneous recordings from the soma (top) and axon (bottom) when the spike is triggered from resting membrane potential (black) or from a transient hyperpolarizing pre-pulse (blue). (**b**) Left, comparison of the spike amplitude measured in the axon evoked with (blue) or without (black) hyperpolarizing pre-pulse. Note the increase in amplitude in the axon when the spike is triggered from the hyperpolarizing pre-pulse. Middle, quantitative analysis of the hyperpolarization-induced enhancement of the axonal spike amplitude in six neurons. Right, scatter plot of the change in the axonal spike amplitude as a function of axonal distance (exponential fit, *y*=11.6e^−*x*/212^, *r*^2^=0.81).](ncomms10163-f3){#f3}

![h-ADF at L5--L5 synapses.\
(**a**) Paired recording of synaptically connected L5 pyramidal neurons. Middle, synaptic facilitation produced by a brief presynaptic hyperpolarization (−20 mV; 200 ms). The EPSCs correspond to averages over 25 traces. Right, h-ADF obtained in 12 L5--L5 pairs. (**b**) Dual soma--axon recordings in L5 pyramidal neurons. Left, experimental design showing double recording from the soma and the axonal bleb of L5 pyramidal neuron. Middle, Soma--axon recording in L5 pyramidal neurons. Note that a brief hyperpolarization of the soma enhances the amplitude of the spike in the axon but not in the soma. Right top, AP overshoot measured in the axon as a function of membrane potential in the cell body, for resting (black) or hyperpolarized (blue) potentials (*n*=6 traces for each case). Right bottom, phase plot of the axonal spikes evoked at rest (black) and following a brief hyperpolarization (blue). Note the enhanced amplitude after a brief hyperpolarization (arrow). The rate of depolarization is also enhanced and the spike threshold is slightly hyperpolarized.](ncomms10163-f4){#f4}

![h-ADF enhances spike-evoked calcium signal in the presynaptic terminal of CA3 neurons.\
(**a**) A brief hyperpolarizing pre-pulse enhances the spike-evoked Ca^2+^ transient. Left top, experimental design showing a CA3 pyramidal neuron filled with Alexa-594 and Fluo-4. White box: area enlarged at right, showing a presynaptic bouton. Right top, voltage traces recorded in the cell body of a CA3 pyramidal neuron. Right bottom, example of fluorescent signals recorded in the presynaptic bouton. The spike-evoked Ca^2+^ transient was increased by ∼20% when the presynaptic spike was evoked following a transient hyperpolarization. (**b**) Quantitative data (*n*=5).](ncomms10163-f5){#f5}

![Role of Nav inactivation in h-ADF.\
(**a**) Simulated h-ADF in control conditions (*V*~1/2~ inactivation=−80 mV for axonal sodium channels). Note the increased amplitude of the spike. Lack of h-ADF when the half-inactivation of the axonal sodium channel is depolarized (*V*~1/2~=−70 mV). (**b**) Summary of the availability of Nav~axon~ with *V*~1/2~ inactivation=−80 mV or −70 mV. Note the marked increase with −80 but not −70 mV. (**c**) Magnitude of simulated h-ADF as a function of *V*~1/2~ inactivation of Nav channels in the axon. Note the increase in h-ADF induced by the hyperpolarization of *V*~1/2~. (**d**) Experimental enhancement of Nav inactivation with CBZ increases the magnitude of h-ADF. Under control condition (left), this connection expresses no h-ADF. When CBZ is added, h-ADF is now visible (right). (**e**) Quantitative data for 10 mature CA3--CA3 connections (DIV 24--32). Star: Wilcoxon, *P*\<0.05.](ncomms10163-f6){#f6}

![Decreasing Nav channel density with TTX enhances h-ADF.\
(**a**) Reduction of Nav channel density in the model of h-ADF. Under control conditions (left), h-ADF amounts to +30%. After reducing the Nav channel density (70% of the control, right), h-ADF is increased to +80%. (**b**) Modulation of the presynaptic spike amplitude as a function of activatable Na conductance. Under control conditions, the hyperpolarization from −78 to −93 mV only slightly increases the spike amplitude (black double arrow). When the Nav channel density is reduced, the increase in the spike amplitude is enhanced by 20% (light-blue double arrow). (**c**) Experimental reduction of Nav density with TTX. Under control condition (left), this connection expresses no h-ADF. When a low concentration of TTX is added, transmission is preserved and h-ADF is now visible (right). (**d**) Quantitative data for six mature CA3--CA3 connections (DIV 20--32). Star: Wilcoxon, *P*\<0.05.](ncomms10163-f7){#f7}

![h-ADF promotes network synchrony.\
(**a**) Scheme of a CA3 network model. The network is composed of 80 e-cells (white triangles) and 20 i-cells (red circles). Pyramidal cells and interneurons were fed by stochastic input. The connections between pyramidal neurons (blue arrows) are the only connections in which h-ADF can be added as h-ADF was not tested experimentally in other connections. (**b**) h-ADF rule at excitatory synapses between pyramidal neurons. A maximal 20% facilitation is applied, according to the membrane voltage measured 17 ms before the spike. (**c**) Effect of the h-ADF rule on network synchrony. Left top, rastergram showing the network activity in control conditions with a synaptic strength of 2.8 mS. Left bottom, representative trace in an e-cell. Right top, with the h-ADF rule (+20% h-ADF), the synchrony is increased. Right bottom, representative trace in an e-cell. Note that membrane potential crosses the −73-mV limit between spikes (dotted lines). (**d**) Power spectrum of the data shown in **c** (synaptic strength of 2.8 mS). Adding h-ADF rules dramatically increases the network synchrony around the gamma frequency (29 Hz). (**e**) Synchronization coefficients calculated for synaptic strengths from 2 to 3.6. Incorporation of h-ADF increases synchrony (blue).](ncomms10163-f8){#f8}

[^1]: These authors contributed equally to this work.
